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Abstract—When an antenna is circularly (or elliptically) polarized, the 
axial ratio can be measured in a reverberation chamber (RC) by using the 
self-correlation of the radiation pattern of the antenna under test (AUT). 
However, the self-correlation method cannot identify the handedness (left- 
or right-handed polarization) of an antenna. In this paper, we propose a 
reference antenna method in an RC to solve this problem. Two reference 
antennas are used, which are right-handed and left-handed circularly 
polarized, respectively. By measuring the radiation pattern correlation 
between the AUT and the reference antennas, the handedness of the AUT 
can be identified. Interestingly, the results are based on statistics and the 
significance of the measurement results is self-explained. Measurements 
are performed to validate the proposed method. 
Index Terms—antenna measurement, reverberation chamber, circular 
polarization. 
I. INTRODUCTION 
A reverberation chamber (RC) is a highly resonant and electrically 
large cavity. In an RC, a rich isotropic multipath (RIMP) 
environment is naturally created, and the electromagnetic (EM) 
fields can be redistributed by changing the boundary conditions 
(mechanical stir), source position (source stir) or the signal 
frequency (frequency stir) [1-6]. The applications of RCs have been 
extended widely in recent years, from classical electromagnetic 
compatibility (EMC) area [1] to antenna measurement and over-the-
air (OTA) system test [2-6]. In antenna or antenna array 
measurements, typical applications include and may not limited to 
radiation efficiency [7-11], free-space S-parameters [12], mutual 
coupling [13], diversity gain [13-15], radiation pattern correlation 
[16-18], radiation pattern reconstruction [18-21] and axial ratio (AR) 
measurement [18].  
Unlike in free space (or in an anechoic chamber), in an RIMP 
environment, the directional property of an antenna is easily 
submerged by the multipath interference since the waves are diffused 
randomly. To obtain the directional properties, we have to apply 
specific strategies to retain the coherent part and remove the 
incoherent component. Typical applications include radiation pattern 
reconstruction using K-factors [21] and free-space S-parameter 
measurement [12]. However, the RIMP environment has many 
advantages, the diffused wave makes it very suitable for measuring 
global properties, such as shielding effectiveness [1, 22-24], average 
absorption cross section [25-27], total scattering cross section [28-
30], radiation efficiency [7-11], total radiated power [31, 32], total 
isotropic sensitivity [33-35] and correlation coefficient [16-18]. It is 
interesting to note that, these global properties can be measured 
directly without knowing the angle dependencies, which makes the 
measurement setup in an RIMP environment very robust, i.e. the 
antenna or the device under test does not have to be aligned and 
aimed carefully and accurately in a line-of-sight (LoS) way. 
Specifically, we have shown the measurement of an antenna 
radiation pattern and the axial ratio (AR) measurement in an RC [18], 
the measurement setup does not require the AUT to be aligned to a 
receiving (Rx) or transmitting (Tx) antenna. The radiation pattern (or 
AR) can be reconstructed from the self-correlation of an AUT. 
However, for a circularly polarized (CP) AUT, the measurement 
process cannot distinguish if the CP is left-handed (RH) or right-
handed (LH). If the LH/RH switching is used in a communication 
system, only the AR measurement cannot distinguish the handedness 
of the source. Although the AR can be measured accurately, the 
handedness of the CP has not been identified yet. In this work, we 
propose a reference antenna method to solve this problem. By 
measuring the correlation of the AUT and the reference antennas, the 
handedness of the AUT can be identified. 
In Section II, the principle of the method is presented. Section III 
details the measurement results and Section IV summarizes the 
discussion and conclusions. 
II. THEORY 
It has been found that the self-correlation of a radiation pattern of 
an antenna can be measured in an RC without knowing the details of 
the radiation pattern [18]. Suppose 𝐄1(𝜃,𝜑) is the farfield radiation 
pattern of Ant 1 in Fig. 1, 𝐄𝛾1(𝜃,𝜑) is a rotated version of 𝐄1(𝜃,𝜑) 
around z-axis with a rotation angle of 𝛾, 𝑆21 is a set of S-parameters 
measured between Ant 1 and Ant 2 for different frequencies 
(frequency stir) or different stirrer positions (mechanical stir), and 
𝑆𝛾21 is a set of S-parameters measured in the same scenario when 
Ant 1 is rotated by an angle 𝛾. From the previous study [18], we 
know that the correlation of a radiation pattern can be measured 
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where 𝑁  represents the measured sample number, ⟨∙⟩  means the 
average operation over N samples, and 
∬∎𝑘Ω = ∫ ∫ ∎𝑠𝑖𝑛𝜃𝜋0 𝑘𝜃
2𝜋
0 𝑘𝜑  represents the integral over a unit 
spherical surface, 𝜃 is the polar angle and 𝜑 is the azimuth angle. 
It has been shown that the AR can be measured from the minimum 
value of the correlation for different angles [18]. However, if we 
check the AR measurement process carefully, we can find that this 
method leads the same angular correlation for both clockwise and 
anti-clockwise rotation of the AUT. Because the angle 𝛾 is a relative 
value, the positive and negative rotation leads the same angular 
correlation. We cannot extract more information from a single axis 
of rotation of AUT, unless the rotation is combined with other axis 
(more than one axis of rotation). 
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If we take a symmetric transform of the measurement system in 
Fig. 1(a), Fig. 1(b) is obtained. Since the law of physics inside the 
mirror is the same as that outside the mirror (we are still in the region 
of classical physics), we have the same measured S-parameters. Thus 
we have the same angular correlations for the RHCP and LHCP 
antenna, although in the mirror the RHCP antenna has been 
transformed into an LHCP one. 
As can be seen, use only one axis of rotation without other 
antennas is impossible to distinguish the state of CP. Use more than 
one axis is possible [18], but we have to make sure that all the 
rotations in sequence share the same reference point of the 3D 
pattern. Otherwise, a 3D pattern transformation is required which 
would further increase the complexity of the measurement. To solve 
this problem, we introduce two reference antennas of which the 
helicities are known as shown in Fig. 2. 𝐄Rref(𝜃,𝜑) and 𝐄Lref(𝜃,𝜑) 
are the radiation patterns of the RHCP and the LHCP reference 
antennas respectively,  and 𝐄AUT(𝜃,𝜑) is the radiation pattern of the 
AUT. Similar to the AR derivation in [18], we can ignore the 
contribution except the main lobe in +z-axis. Suppose the AUT is 
LHCP, in +z-axis we have 
 
𝐄AUT = 𝐸𝑥𝑎�𝑥 + 𝑗𝐸𝑦𝑎�𝑦                                (2) 
 
where 𝑎�𝑥 and 𝑎�𝑦 are unit vectors in x- and y- directions respectively. 
The plane waves related to the emission of the LHCP and RHCP 
reference antennas in +z-axis are  
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The correlation between 𝐄AUT(𝜃,𝜑)  and 𝐄Lref(𝜃,𝜑)  can be 
approximated as (when the AUT is rotated with an angle 𝛾) 
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and the correlation between 𝐄AUT(𝜃,𝜑)  and 𝐄Rref(𝜃,𝜑)  can be 
approximated as 
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The derivations are similar for an RHCP AUT, we only need to 
replace 𝐸𝑦 with −𝐸𝑦 in (5) and (6). Since (5) and (6) are different for 
RHCP or LHCP AUT, the handedness of the AUT can be identified. 
E.g. if 𝑐𝑐𝑐𝑐�𝐄AUT,  𝐄Lref� > 𝑐𝑐𝑐𝑐�𝐄AUT,  𝐄Rref� , the AUT is LH 
polarized; if 𝑐𝑐𝑐𝑐�𝐄AUT,  𝐄Lref� < 𝑐𝑐𝑐𝑐�𝐄AUT,  𝐄Rref� , the AUT is 
RH polarized. However, this criterion cannot give information of the 
 
Fig. 2.  The radiation pattern correlations between the AUT and the 
reference antennas with RHCP and LHCP, respectively. 
 
   
Fig. 3.  Measurement setup in an RC, Ant1 and Ant 2 are connected to the 
port 1 and port 2 of the VNA respectively; Ant 1 is mounted on a turntable. 
The dimensions of the RC are 0.8 m × 1.2 m × 1.2 m. 
 
     
(a)                   (b)                       (c)                             (d)  
         
(e)                                       (f)  
Fig. 4.  Antennas connect to the port 1 of the VNA, (a) an LHCP reference 
antenna, (b) an RHCP reference antenna, (c) AUT #1, an LHCP AUT (patch 
antenna array), (d) AUT #2, an RHCP AUT (patch antenna array), (e) AUT 
#3, an RHCP AUT (spiral antenna), (f) AUT #4, a linearly polarized AUT. 
 
 
(a)                                                           (b) 
Fig. 1.  A schematic plot of thought experiment, (b) is a mirrored scenario of 
(a). An RHCP antenna is transformed into an LHCP antenna in mirror. 
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significance of the measurement results, and we present the 
significance together with measurement data in the next section. 
III. MEASUREMENTS 
The measurement setup is illustrated in Fig. 3. We perform the 
measurements in three steps:  
1) Record the S-parameters or channel state information (CSI) for 
the LHCP reference antenna;  
2) Replace the LHCP reference antenna in step 1) with the RHCP 
reference antenna and repeat the same measurement procedure;  
3) Replace the RHCP reference antenna in step 2) with the AUT 
and repeat the same measurement procedure. 
Note that step 1) and 2) only need to be measured once. In Fig. 3, 
port 1 is connected to the reference antennas (LHCP or RHCP) or 
AUTs, port 2 is connected to a Tx (or Rx) antenna respectively. The 
reference antennas and the AUTs (#1 ~ #4) are shown in Fig. 4. We 
use two helical antennas as the reference antennas. The working 
frequency of the antennas is 5.8 GHz (the antennas are used for first-
person view remote-control flying). S-parameters of 501 frequency 
points are measured in the frequency range of 5.7 GHz – 5.9 GHz. 
Typical S-parameters at one rotation angle of the reference antennas 
 
Fig. 5.  Typical S-parameters between the LHCP/RHCP reference antenna 
(port 1) and the Tx antenna (port 2) at one 𝛾 angle. 
 
   
                           (a)                                            (b) 
  
                                (c)                                               (d) 
 
(e) 
Fig. 6.  (a) Measured self-correlation of the LHCP reference antenna: 
𝑐𝑐𝑐𝑐�𝐄γ1Lref,  𝐄γ2Lref� , 𝐄γ1Lref  means the radiation pattern of the LHCP 
reference antenna is rotated with an angle of γ1 in z-axis; (b) measured self-
correlation of the RHCP reference antenna: 𝑐𝑐𝑐𝑐�𝐄γ1Rref,  𝐄γ2Rref� ; (c) 
measured correlation between the LHCP and RHCP reference antenna: 
𝑐𝑐𝑐𝑐�𝐄γ1Lref,  𝐄γ2Rref�, 10log10 is used to convert linear unit to dB unit. (d) 
EPDF plots of the measured correlations with 360 𝛾 angles; (e) ECDF plots 




(a)                                                      (b) 
 
  (c) 
 
(d) 
Fig. 7.  (a) Measured correlation between AUT #1 and the LHCP reference 
antenna; (b) measured correlation between AUT #1 and the RHCP reference 
antenna; (c) EPDF plots of the measured correlations; (d) ECDF plots of the 
measured correlations with 360 and 10 𝛾 angles. 
 
 
(a)                                                      (b) 
 
  (c) 
 
(d) 
Fig. 8.  (a) Measured correlation between AUT #2 and the LHCP reference 
antenna; (b) measured correlation between AUT #2 and the RHCP reference 
antenna; (c) EPDF plots of the measured correlations; (d) ECDF plots of the 
measured correlations with 360 and 10 𝛾 angles. 
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and Tx antenna are shown in Fig. 5, the measured 𝑆21 is well above 
the noise level of the VNA which is about -100 dB. We rotate the 
antenna connected to port 1 of the VNA with 1º/step, the measured 
𝑆21  are used to calculate the correlations between the reference 
antennas and the AUT.  
To verify the measurement setup in Fig. 1, we measure the self-
correlation [18] of the LHCP and RHCP reference antennas. All the 
measured S-parameters in the frequency range of 5.7 GHz – 5.9 GHz 
are used to calculate the self-correlations between any pair of two 
rotation angles; the calculation process is very similar to the stirrer 
correlation for mechanical stirrers in [36]. The measured correlations 
in dB are presented in Fig. 6. As can be seen in Fig. 6(a) and (b), we 
have very similar plots for the self-correlations for the LHCP and 
RHCP reference antennas, as expected, this means that we cannot 
identify the handedness from the self-correlations.  
In the meanwhile, since the two reference antennas have an 
opposite handedness, the correlations between these two antennas 
show small values for different rotation angles (in Fig. 6(c)). 
Correlation values in Fig. 6(a)-(e) are used to plot the empirical 
probability density functions (EPDFs) and the empirical cumulative 
distribution functions (ECDFs), and the results are illustrated in 
Fig. 6(e). The results using only 10 𝛾 angles are also presented, in 
which they agree well with that using 360 𝛾  angles. Suppose we 
have an AUT which is exactly the same as the RHCP (or LHCP) 
reference antenna, we can obtain high correlations with RHCP (or 
LHCP) reference antenna and small correlations with LHCP (or 
RHCP) reference antenna. Thus the handedness of the AUT can be 
identified from Fig. 6(d) and (e).  
To verify the proposed method, we measure the correlations 
between the AUTs (#1 ~ #4) and the reference antennas. AUT #1 
and #2 are patch antennas and the bandwidth is narrower than AUT 
#3 which is a spiral antenna. The results are presented in Fig. 7- 
Fig. 10. As can be seen, the handedness of the AUTs can be well 
identified in Fig. 7 - Fig. 9, and the EPDFs of the correlations 
between the AUTs and the reference antennas show significant 
difference. Note that AUT #3 is a wideband CP antenna; the 
correlations in Fig. 9(c) are separated wider than that in Fig. 7(c) and 
Fig. 8(c). In Fig. 10, since AUT #4 is a linearly polarized antenna (a 
wideband dipole), the correlations for the reference antennas are both 
small and the EPDFs have significant overlapped region. Thus the 
handedness of AUT #4 is neither LHCP nor RHCP. 
Note that the correlation EPDFs and ECDFs in Fig. 10(c) and (d) 
are not exactly the same, this should be due to the imperfect 
symmetry between the LHCP and the RHCP reference antennas. 
This can also be observed in the self-correlations in Fig. 6(e). We 
have also measured the ARs of the antennas in Fig. 4 using the 
method in [18]. The results are presented in Fig. 11, in which we can 
also find that the ARs of the LHCP and the RHCP reference 
antennas are not exactly the same. Although the reference antennas 
are not perfectly symmetric, they do not affect the use of them. 
IV. DISCUSSION 
We have shown that the handedness of the AUT can be identified 
using the reference antenna method, and the significance of the 
measurement results is self-explained with EPDFs. However, we 
have to note that there is a precondition in the measurement: the 
reference points of the radiation pattern of the AUT and the 
reference antennas are the same. We know that in an RC, when an 
antenna is moved in a certain distance, independent S-parameters can 
be obtained [2]. If the reference point shifts, will the results be 
affected?  We note that AUT #1 - #3 may not have the same reference points 
with the reference antennas, but the results are still significant. To 
 
(a)                                                      (b) 
 
  (c) 
 
(d) 
Fig. 9.  (a) Measured correlation between AUT #3 and the LHCP reference 
antenna; (b) measured correlation between AUT #3 and the RHCP reference 
antenna; (c) EPDF plots of the measured correlations; (d) ECDF plots of the 
measured correlations with 360 and 10 𝛾 angles. 
 
 
(a)                                                      (b) 
 
  (c) 
 
(d) 
Fig. 10.  (a) Measured correlation between AUT #4 and the LHCP reference 
antenna; (b) measured correlation between AUT #4 and the RHCP reference 
antenna; (c) EPDF plots of the measured correlations; (d) ECDF plots of the 
measured correlations with 360 and 10 𝛾 angles. 
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quantify this effect, a horn antenna is simulated with different 
reference point for the radiation pattern. The model is illustrated in 
Fig. 12, in which the CP is realized by using two orthogonal modes 
excited simultaneously with a 90° phase difference. Both RHCP and 
LHCP can be realized by using +90° or -90° phase difference. We 
shift the original point in +z-axis with different distances (d in 
Fig. 12) and simulate the radiation patterns with different d, the 
results are illustrated in Fig. 13. As can be seen in Fig. 13(a), the 
phase of the polar component and the azimuth component is 
redistributed for different d. In Fig. 13(b), we use the original RHCP 
and LHCP radiation patterns as the references and calculate the 
correlations between the transformed radiation patterns and reference 
ones (𝑐𝑐𝑐𝑐(E+𝑑 , RHCP) and 𝑐𝑐𝑐𝑐(E+𝑑 , LHCP) in Fig. 13(b)). As can 
be seen, when the shift distance is not large (< 3𝜆), the correlations 
between the RHCP and LHCP are separated clearly which means the 
handedness can be identified significantly. The vector E-field 
correlation [2] is also presented; it is interesting to note that the 
correlation of a directional CP antenna is larger than the vector E-
field correlation. 
Another thing to note is that in the measurement process for  
𝑐𝑐𝑐𝑐(AUT, LHCP Ref)  and 𝑐𝑐𝑐𝑐(AUT, RHCP Ref) , the position of 
Ant 2, the position of the turntable and the stirring sequence must be 
the same. Otherwise when the multipath environment is changed, we 
have two independent measurement scenarios, and the measured 
results will be decorrelated.  
V. CONCLUSIONS 
Although the AR can be measured in an RC, the handedness cannot 
be identified using a single antenna with a single axis of rotation. We 
have proven the infeasibility of the methodology using only one axis 
of rotation (in a virtual experiment), and demonstrated it in 
measurements. This leads the proposed reference antenna method.  
The proposed method is based on the correlation of the radiation 
pattern, and the radiation pattern does not have to be measured angle 
by angle in free space. The measurement time is very similar to the 
antenna efficiency or TRP measurement. After the reference antennas 
have been measured, for the AUT measurement in this work, it takes 
about 20 minutes for 360 𝛾 angles and less than 1 minute for 10 𝛾 
angles respectively. Different types of AUTs have been used to verify 
the proposed method. The measurement results are presented in the 
form of EPDFs and ECDFs which are self-explained: the more 
difference in EPDF and ECDF plots, the more significant the result is. 
The measurement setup in an RC is very robust and does not require 
careful alignment between the AUT and the Tx/Rx antenna. The effect 
of the reference point shift has also been investigated, which shows 
that when the shift of the reference point is small (< 3𝜆) the proposed 
method is still significant. 
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